Purpose In this proof-of-concept pilot study, our purpose was to determine correlations between gut microbiota composition and alterationsin cardiorespiratoryfitness andpsychosocialoutcomes among post-primary treatment breast cancer survivors (BCS). Methods Composition of the gut microbiota in BCS (n = 12) was assessed at baseline (M0) and at the end of 3 months (M3) using Illumina MiSeq DNA Sequencing of the 16S rRNA gene. Gut microbiota composition was analyzed using the QIIME bioinformatics software and represented through diversity metrics and taxa analyses. Cardiorespiratory fitness, fatigue, anxiety, depression, and sleep dysfunction were assessed at M0 and M3 via the submaximal treadmill test, Fatigue Symptom Inventory, Hospital Anxiety and Depression Scale, and Pittsburgh Sleep Quality Index, respectively.
Background
Early detection and improved therapies have contributed to the growing number of breast cancer survivors (BCS), which are projected to exceed 4 million in the USA by 2024 [1] . Despite increasing long-term survival rates, BCS are often plagued by persistent psychosocial distresses including anxiety, depression, fatigue, and sleep disturbances [1, 2] . While greater physical activity confers numerous health benefits [3] , the mechanisms whereby exercise improves psychosocial Electronic supplementary material The online version of this article (doi:10.1007/s00520-016-3568-5) contains supplementary material, which is available to authorized users.
domains have not been fully elucidated. It is possible that habitual exercise promotes psychological well-being through favorable modulations in systemic inflammation, hormone profile, and body composition [4, 5] . However, the potential mechanistic role of the gut microbiota composition corresponding to exercise-related adaptations/effects has not been studied. The link between the brain and gut microbiota, termed the microbiota-gut-brain axis [6] , has garnered much attention in non-cancer populations due to its possible involvement in stress-related disorders [7] . To date, no prior investigation has evaluated whether the gut microbiota composition is associated with exercise and/or psychosocial outcomes in BCS.
As a dynamic regulator of the endocrine system, the microbiota has become a promising area of study with potential clinical applications. Emerging evidence in non-cancer animal models has demonstrated a link between exercise and gut microbiota diversity, composition, and beneficial metabolite production [8] . The two human studies available, to date, have been cross-sectional investigations linking greater microbial diversity to exercise habits and diet in professional rugby athletes [9] and to cardiorespiratory fitness in healthy adults [10] . Additional research examining the direct longitudinal effects of exercise on the gut microbiota in humans is needed. Such research in cancer survivors is particularly important because cancer-related factors increase the risk of gut dysbiosis and may influence mediators of psychosocial outcomes in response to exercise [11] [12] [13] .
The hypothalamic-pituitary-adrenal (HPA) axis is active during the human stress response, with potential modulation by the enteric microbiota [14] . Limited research in humans supports a link between microbes and behavior [15] [16] [17] [18] , thus necessitating further inquiry into the connection between psychosocial outcomes and gut microbiota in cancer survivors. To this end, our group performed post hoc analyses on a subsample (n = 12) of BCS participating in a larger physical activity trial to explore the associations between gut microbiota (alpha diversity, beta diversity, and taxa frequencies) and changes in anxiety, depression, fatigue, sleep quality, and cardiorespiratory fitness over a 3-month period. In this pilot, proof-ofconcept study, we hypothesized that favorable changes in psychosocial factors (e.g., anxiety, depression, fatigue, sleep quality) and cardiorespiratory fitness among BCS would be correlated with gut microbiota diversity and the abundance of specific taxa.
Methods

Participants and design
Inclusion criteria [19] included female BCS between the ages of 18 and 70 years of age with a history of ductal carcinoma in situ (DCIS) and stages I, II, or IIIA breast cancer who were English-speaking, obtained physician medical clearance for participation, and self-reported engaging in less than 30 min of vigorous-intensity or 60 min of moderate-intensity physical activity per week on average in the previous 6 months at baseline. Participants were excluded if they had dementia or exhibited other medical, psychological, or social characteristics that could interfere with study participation. Additional relevant exclusion criteria included the following: (1) physical activity contraindication, (2) unable to ambulate, (3) recurrent or metastatic cancer, and (4) anticipated elective surgery or travel for >1 week during the first 3 months of the study. Research staff screened prospective participants via telephone using an institutional review board (IRB)-approved script. Eligible individuals provided written informed consent. Although randomization was completed as previously reported [19] , data for participants from both study group allocations were pooled for the purposes of this pilot study (i.e., all participants received standard American Cancer Society written materials regarding physical activity for cancer survivors with five also receiving a physical activity behavior change intervention focused on increasing physical activity to at least 150 weekly minutes).
Measurements
Participants provided a 3-day diet record and self-reported age, race, ethnicity, and medical history (i.e., breast cancer stage, months since cancer diagnosis, history of chemotherapy and/or radiation therapy, history of irritable bowel syndrome (IBS), inflammatory bowel disease (IBD), gastric bypass, or bowel resection, menopausal status, smoking status, and recent antibiotic use). Body mass index was calculated from the following equation (body weight (kg)/standing height (m 2 )). A submaximal treadmill test was used to estimate cardiorespiratory fitness (quantified as predicted VO 2 ) [19] . Anxiety and depression were measured using the 14-item Hospital Anxiety and Depression Scale (HADS) [20] , while fatigue intensity and interference were measured using the 13-item Fatigue Symptom Inventory [19] . In these instances, higher scores correspond with higher anxiety, depression, and fatigue. Sleep dysfunction was assessed using the Pittsburgh Sleep Quality Index (PSQI), with higher scores corresponding to greater subjective sleep dysfunction [21] . Data obtained at baseline and 3 months for the subsample of participants submitting fecal samples were used for this report.
Microbiome analyses
Participants reporting antibiotic use during the week prior to sample collection were excluded from the analysis (n = 3). The study group allocation (i.e., five participants received the intervention and seven received usual care) was not tested in this pilot study due to the small sample size and the need for participants to experience different magnitudes of cardiorespiratory fitness change over time. Fecal wipe samples were collected and processed according to the protocol for premoistened wipe fecal samples outlined by Kumar et al. [22] . Briefly, samples from the assessed participants were collected and shipped overnight to the University of Alabama at Birmingham (UAB) Microbiome Resource Laboratory. Samples were stored at −80°C until analysis. Each sample was dissolved in a buffer solution and then processed with a DNA Miniprep Kit to obtain isolated fecal DNA. Polymerase chain reaction (PCR) was used to amplify the V4 region of the 16S rRNA gene, which was then analyzed using Illumina MiSeq DNA sequencing. Two hundred fifty base paired-end sequences were obtained with raw data processed, integrated, and analyzed using the Quantitative Insights into Microbial Ecology (QIIME) bioinformatics software and QWRAP program. Microbiome analyses, including quality control, OTU picking, sequence databases, and sequencing primers, were performed as previously described [22] .
Statistical analyses
For the purposes of these analyses, 10 BCS were assessed using fecal wipe samples from months 0 and 3. Two BCS were evaluated using samples from months 0 and 6. For samples with both month 3 and month 6 samples, we performed clustering analysis to determine whether there were any significant changes in beta diversity between months 3 and 6. There were no statistically significant differences between months 3 and 6 (permutational multivariate analysis of variance (PERMANOVA) p > 0.05) for this sample set; therefore, inclusion of two participants providing only a month 0 and month 6 sample was deemed acceptable. Individual (withinsample) microbial diversity, i.e., alpha diversity, was quantified as a Shannon diversity index, which assesses microbial richness and evenness within a sample. Alpha diversity analyses were also performed using chao1, observed species, PD whole tree, and Simpson indices, the results of which are included in the supplemental materials for reader perusal. Community (between-sample) similarity, i.e., beta diversity, was measured using weighted UniFrac and unweighted UniFrac metrics (both take into account organisms' phylogenetic relationships with weighted UniFrac also taking into account the relative abundance of the organisms) [23, 24] . For statistical tests involving alpha diversity, changes in fatigue intensity, fatigue interference, and cardiorespiratory fitness were dichotomized as decreased/no change versus increased. Changes in sleep dysfunction, anxiety, and depression measures were dichotomized as decreased versus no change/increased. Dichotomization was done such that a balanced number of participants were represented in each category. To evaluate the relationship between changes in withinsample (alpha) diversities and changes in psychosocial and fitness outcomes, t test was used to compare the mean change in alpha diversity from baseline to month 3 for each dichotomized outcome (Wilcoxon rank-sum test was used when the assumptions of t test may not hold). For statistical tests involving beta diversity (between-sample differences), changes in psychosocial and fitness outcomes were divided into quartiles. Quartiles were calculated for each psychosocial or fitness outcome by taking the difference of the minimum and maximum values of the outcome in the cohort and dividing by four. Members of quartile 1 displayed the largest negative change in the psychosocial or fitness outcome over time, and members of quartile 4 showed the largest positive change over time (quartile boundaries are provided in the supplemental materials). Relationships between beta diversity indices of microbial composition and changes in psychosocial outcomes and cardiorespiratory fitness were visualized by principal coordinate analysis (PCoA; a measure not to be confused with principal component analysis [24] ). PERMANOVA testing was used to assess the statistical significance of relationships between changes in outcomes and beta diversity at the latest time point. Taxa level analyses were performed in QIIME using Kruskal-Wallis testing with false discovery rate (FDR) correction. The threshold of statistical significance for all tests performed was defined as two-sided p ≤ 0.05.
Results
Demographic characteristics for the 12 BCS who successfully returned fecal wipe samples and had not taken antibiotics are provided in Table 1 . Increased fatigue interference compared with decreased/no change was associated with increased mean ± standard deviation (SD) Shannon diversity (1.096 ± 0.894 vs. −0.581 ± 0.699; p = 0.005). Group data exhibiting increased/no change in depression scores compared with decreases were not significantly associated with changes in mean Shannon diversity, although a trend toward significance was observed (0.863 ± 0.878 vs. −0.347 ± 1.152; p = 0.070). Changes in anxiety, cardiorespiratory fitness, fatigue intensity, and sleep dysfunction were not statistically associated with changes in mean Shannon diversity. In addition, number of participant comorbid medical conditions was not associated with mean alpha diversity at baseline (p = 0.91) or follow-up (p = 0.30). Results from other metrics of withinsample diversity are included in the supplemental materials.
Using weighted UniFrac clustering, significant differences in beta diversity were found for anxiety (p = 0.022) and fatigue interference (p = 0.01) at the latest time point suggesting shifts in taxa relative abundance, while sleep dysfunction (p = 0.056) and fatigue intensity (p = 0.086) trended toward significance. Using unweighted UniFrac clustering, significant differences in beta diversity were found for cardiorespiratory fitness (p = 0.026) at the latest time point suggesting changes in specific taxa present. There were no significant differences in beta diversity for depression or fatigue intensity (p > 0.05 for weighted and unweighted UniFrac clustering). Of note, the two participants with the lowest baseline cardiorespiratory fitness and the largest magnitude improvements in cardiorespiratory fitness showed striking microbial diversity clustering at the latest time point (Fig. 1) . To ensure that differences in beta diversity were due to the changes in fitness and psychosocial measures, we performed the same clustering analyses using microbiome samples from the baseline time point. We found no significant differences in beta diversity with the baseline samples using any of the clustering methods (p > 0.05). In addition, number of participant comorbid medical conditions was not associated with beta diversity at baseline (p > 0.05) or follow-up (p > 0.05). There were no statistically significant associations between cancer factors (e.g., stage and treatment type) and alpha/beta diversity at baseline (p > 0.05). Paired t test analyses indicated there were no statistically significant changes in carbohydrate intake, fiber intake, or BMI from baseline to follow-up (p > 0.05). Additionally, there was no statistically significant association between change in self-reported amount of carbohydrate or fiber consumed and change in cardiorespiratory fitness (p > 0.05).
Kruskal-Wallis testing without FDR correction identified significant taxa differences across the beta diversity quartiles as provided in Table 2 . Of note, the magnitude change in fatigue interference was associated with the frequency of genera Faecalibacterium (p = 0.033) and Prevotella (p = 0.044). Quartile of magnitude change in anxiety was associated with the frequency of genera Coprococcus (p = 0.041) and Bacteroides (p = 0.041). Quartile of magnitude change in cardiorespiratory fitness was associated with the frequency of genera Roseburia (p = 0.046) and SMB53 (p = 0.023), a subset of the family Clostridiaceae. Further details of microbe composition are provided as supplementary materials available online. Kruskal-Wallis testing with FDR correction yielded no statistically significant associations for bacterial taxa level analyses, likely due to the limited sample size of this pilot study. However, in the interest of outlining trends which may warrant further investigation in studies with larger sample sizes, we have provided taxa associations which were significant prior to correction.
Discussion
In this proof-of-concept pilot study, our purpose was to determine if gut microbiota diversity among post-primary treatment BCS may be related to psychosocial outcomes and cardiorespiratory fitness. We show a significant association between longitudinal changes in fatigue interference and microbial diversity and a trend toward significance for association of changes in microbial diversity and depression. Additionally, we found that the gut microbial composition was significantly associated with changes in anxiety, fatigue interference, and cardiorespiratory fitness, and a trend was detected for changes in fatigue intensity and sleep dysfunction. The significance with change in cardiorespiratory fitness was found using the unweighted UniFrac metric, which indicates shifts in, or the appearance/ disappearance of, small microbial populations. In addition, the significance found for anxiety and fatigue interference using the weighted UniFrac metric is more likely to be driven by shifts in large microbial populations, due to its incorporation of information regarding relative species abundance as well as phylogeny. Therefore, our results support potential relationships between the gut microbiota diversity in post-primary treatment BCS and psychosocial and cardiorespiratory fitness outcomes. To our knowledge, this is the first study to examine the potential associations between prospective changes in gut microbiota and alterations in psychosocial outcomes and cardiorespiratory fitness among cancer survivors of any type. It is important to evaluate changes in microbiota in understudied groups as performed in this investigation. A case-control study by Goedert et al. [25] reported that the gut microbiota in BCS differed in composition and was less diverse when compared with controls. Therefore, our report provides preliminary data in a patient group at increased risk of gut dysbiosis possibly due to cancer treatments [26] and changes in diet and physical activity behaviors post-diagnosis [27, 28] .
Of note, participants in the present study exhibiting the largest improvement in cardiorespiratory fitness clustered together in their microbiota beta diversity. This finding is consistent with a recent cross-sectional study which found a correlation between cardiorespiratory fitness and microbial diversity in the gut microbiomes of 39 healthy human participants ages 18 to 35 years old [10] . This finding is also consistent with the only other publication to date testing the association between exercise and gut microbiota composition in humans (i.e., a cross-sectional study that focused on professional male rugby players) [9] . Moreover, our findings are biologically plausible given the potential for acute and chronic exercise to influence the gut microbiota through increased transit rate [29] , splanchnic hypoperfusion with ischemia and subsequent reperfusion [8] , and increased core body temperature [30] . Robust randomized controlled exercise training trials in humans are needed to confirm whether exercise-induced effects on the gut microbiota occur and potentially mediate changes in psychosocial outcomes. Because diet readily affects the gut microbiota, future exercise training studies should be combined with controlled feeding that also maintains energy balance. Indeed, this approach would permit a clearer assessment of the direct effects of exercise on the gut microbiota independent of potential confounding by variance in dietary intake and BMI [31, 32] .
The pilot taxa analysis results described herein underscore the need for additional research into the role of the microbiota-gut-brain axis and the potential for its involvement in mediating psychosocial sequelae in BCS. Several genera found to be significantly associated with change in psychosocial symptoms levels (e.g., Bacteroides, Roseburia, Prevotella, etc.) have been associated in other studies with butyrate production and inflammatory regulation [8, 14] . In particular, our results are consistent with previous work in animal and human studies reporting associations of anxiety, depression, and fatigue with gut microbiota composition [15, [33] [34] [35] [36] . Several small-scale studies have shown beneficial effects on anxiety, depression, chronic fatigue, and sleep with probiotic consumption [16, 17, 37] . More specifically, Jiang et al. [15] found Fig. 1 Principal coordinate analysis: beta diversity and quartile of magnitude change in cardiorespiratory fitness. PCoA analysis of beta diversity using unweighted UniFrac clustering. Donors in light red and dark red had magnitude changes in the lower first and second quartiles, respectively. Donors in light green and dark green had magnitude changes in the upper third and fourth quartiles, respectively that patients with active major depressive disorder (MDD) possessed greater gut microbiota alpha diversity (Shannon index) when compared with healthy controls. In addition, a negative relationship between the genus Faecalibacterium and depressive symptoms was demonstrated, as well as increased abundance of the genus Roseburia and reduced abundance of the genus Bacteroides in MDD patients relative to controls [15] . In our study, genera Faecalibacterium and Bacteroides were observed to correlate with quartile of magnitude changes in fatigue interference and anxiety, respectively. Since these psychosocial conditions often co-exist as symptom clusters in cancer survivors [38, 39] , future research should evaluate the gut microbiota as a potential underlying mechanism for these symptom clusters.
We acknowledge our small sample size that restricted statistical power and our ability to adjust for covariates (e.g., diet and BMI). However, paired t test analyses indicated there were no statistically significant changes in carbohydrate intake, fiber intake, or BMI from baseline to follow-up. There was also no association found between change in self-reported amount of carbohydrates or fiber consumed and change in cardiorespiratory fitness. For the purposes of this pilot study, we were not able to collect detailed medical records for participants. However, we were able to take into account selfreported medication changes and number of comorbidities (i.e., comorbidity score). Accordingly, none of the study participants (n = 12) reported any new or recent medication changes during the investigation, which have previously been shown to interfere with the gut microbiota. Also, the comorbidity score was not significantly associated with microbiotal alpha diversity or beta diversity at either baseline or follow-up. While this study collected data from participants regarding antibiotic use for the week prior to fecal sample collection, studies have demonstrated the long-term impact of antibiotics on the gut microbiome [40] . Therefore, future studies should collect antibiotic usage data for a minimum of 3 to 6 months prior to sample collection. Finally, our inclusion criteria excluding BCS over age 70 caused our sample to be, on average, younger than that reported in larger studies of Btypical^BCS populations [41] . Nevertheless, this report provides support for investing the financial resources required to carry out randomized trials with larger sample sizes testing physical activity intervention effects on the gut microbiota composition and the potential associations between these changes and often observed improvements in psychosocial outcomes. Inclusion of metagenomics analyses in such studies would significantly advance the field.
This novel, first of its kind report in cancer survivors supports the feasibility of and need for further research testing the effects of exercise training on the gut microbiota composition and the relationships between these changes and psychosocial outcomes in BCS. This approach could have important clinical applications such as enhancing positive exercise-induced effects on psychosocial outcomes through manipulating the gut microbiota composition. In so doing, more effective interventions for reducing the psychosocial burden experienced by BCS could be developed. 
